(1) The formation of large 'peat barrens' (> 100 m x 100m) produced as a result of grubbing (removal of roots and rhizomes of ground vegetation) by lesser snow geese in the spring was investigated in a low Salix community inland from the intertidal zone at La Perouse Bay, Manitoba.
(2) Within the snow-free season, experimental removal of the insulating mat of plant litter and ground vegetation resulted in increased temperatures of soils close to the surface, increased thermal gradients in soils and a substantial increase in the salinity (-120 g of dissolved solids litre -1) of expressed water from the shallow organic layer that overlays the marine clays and gravels (salinity of tidal water was < 4gV-1).
(3) Although marine sediments beneath the organic layer are the ultimate source of salt, the inverse salinity gradient from land to sea reported for coastal marshes of Hudson Bay appears to be the result of grubbing, at least at La Perouse Bay.
(4) Premature leaf fall occurred from side shoots of Salix beneath which the graminoid sward had been artificially grubbed. No premature leaf fall from undisturbed Salix was detected. Early leaf death was correlated with high foliar concentrations of sodium and chloride ions.
(5) Salix from artificially grubbed areas failed to develop leaves the following season and 24 months after removal of turf plants were dead.
(6) It is concluded that spring grubbing by geese initiates a series of environmental changes which make it unlikely that the original plant communities will reestablish in the foreseeable future (< 15 years).
INTRODUCTI ON
Changes in the structure of plant communities which are the result of different responses of species to various environmental and biotic disturbances are often nonlinear and are controlled by positive and negative feedback processes (Davis 1986 ). An assessment of the effects of a disturbance on a plant community involves considerations of the frequency, the intensity and the spatial scale of the disturbance (Grubb 1977) . Early successional communities are particularly vulnerable to a given level of disturbance but show high resilience compared with late-successional communities. In the latter case, although a given disturbance may have little effect, once * Present address: Department of Geography, Queen's University, Kingston, Ontario, Canada K7L
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a community is destroyed recovery is slow (Sousa 1980 (Sousa , 1984 . The interactions between a herbivore, the lesser snow goose Chen caerulescens caerulescens (L.) and the early-and late-successional coastal plant communities at La Perouse Bay, Manitoba, on the shores of Hudson Bay, provide examples of disturbances operating at various spatial (0.5 cm2 to 1 kM2) and temporal (within a growing season to decades) scales (Jefferies 1988a, b) . In early spring when most of the intertidal marsh is ice-bound and before the above-ground growth of vegetation has started, the geese grub for roots and rhizomes of their preferred graminoid forage species in late successional communities dominated by low-growing (< 1 m) willows. Intensive grubbing of grasses and sedges by large numbers of birds often extends to the bases of willow bushes. Although the willows are not a source of forage (except the catkins and young leaves, which are occasionally eaten in spring) they die and sparsely vegetated 'peat barrens' are formed where extensive grubbing has taken place. Field observations indicate that where destruction of the willow community has occurred, willows fail to reestablish, at least over a period of 10-15 years.
As a result of these observations an experimental field study was conducted, the objective of which was to determine the extent to which artificial and natural grubbing not only modified the soil micro-environment but also resulted in the death of willows. The hypothesis tested is as follows: removal of the insulating layer of ground vegetation and litter leads to higher soil temperatures and salinities and lower soil-water contents which the willows are unable to tolerate.
SITE DESCRIPTION
Extensive coastal flats occur at La Perouse Bay (58?45'N, 93?30'W) as a result of isostatic uplift. The intertidal flats and the coastal marshes immediately beyond the limit of extreme tides of this region are characterized by an inverse salinity gradient where high soil salinities have been recorded at the landward end of the continuum of marshes (Glooschenko & Martini 1978; Jefferies, Jensen & Abraham 1979; Glooschenko & Clark 1982; Ewing & Kershaw 1986; Price & Woo 1988a,b; Price et al. 1988) . Marshes of the Hudson Bay Lowland receive fossil salt from underlying marine sediments deposited during the post-glacial Tyrell Sea episode (Price et al. 1988) . In contrast, the salinity of tidal water at La Perouse Bay and James Bay is less than 4g of dissolved solids litre-1 (Jefferies, Jensen & Abraham 1979; Price et al. 1988) .
The vegetation of the tidal flats at La Perouse Bay is dominated by Puccinellia phryganodes and Carex subspathacea (Jefferies, Jensen & Abraham 1979 ). An area of low willow tundra extends inland from the flats for approximately 2 km. This area was formerly part of the flats before being raised beyond direct tidal influence as a result of isostatic uplift. Salix brachycarpa ssp. brachycarpa is abundant and Calamagrostis deschampsiodes and Festuca rubra form much of the ground cover under willows and in open sites (Jefferies, Jensen & Abraham 1979) . The underlying marine clay and gravels are capped by a veneer of highly humified organic matter (3-8cm deep) in which the majority of roots of all plants are located. The area is dissected by shallow drainage channels and ponds, most of which become dry during the course of the summer.
Where snow melts early in the season (mid-June), exposing the underlying vegetation of this late successional community, the geese start grubbing ground veg-etation, creating patches about 1 m2 in size (Jefferies 1988a,b) . Further grubbing extends the size of the patch so that adjacent grubbed areas become linked resulting in the formation of 'peat barrens' (> 100m x 100m). The bases of willow bushes are exposed when ground vegetation is removed and the underlying peat layer is frequently colonized by Salicornia borealis, and by Puccinellia which grows sparsely across the surface. Dead willow bushes either remain standing, or they may be compressed by winter snow and ice.
MATERIALS AND METHODS

Measurements of soil temperatures
The thermal regimes of grubbed and ungrubbed sites were characterized as follows. In September 1986, tubular-pointed metal thermistors were buried at three depths (5, 10 and 25 cm below the surface of the shallow organic layer) at an ungrubbed site where Calamagrostis deschampsiodes formed a closed sward below willows, at a naturally grubbed site beneath willows and at an open site in a peat barren where there was little or no vegetational cover (< 5%). The first two sites were located within 2 m of each other and were approximately 200 m from the site in the peat barren. Temperatures were measured between 11.30 h and 13.30 h (Central Standard Time) once every 7-10 days from June to August 1987 using a temperature meter. The accuracy of the thermistors was checked by placing them in solutions of known temperature (-10 ?C to + 50 ?C) using ice baths and salt solutions where appropriate. On interchangeable probes the accuracy was within + 0 2?C of the temperature of the water bath.
Three short transects (1 .4-2 0 m) were also established close to a peat. barren in June 1987 along which the thermal, water and salinity regimes of soils were recorded. Each transect extended from a willow bush (O cm) to a grubbed depression. The ground vegetation along Transect A from the willow bush was as follows: Calamagrostis and Festuca were dominant for the first 50 cm, Puccinellia and Carex formed a sparse sward between 50 cm and 180 cm and the remaining 20 cm lay within the grubbed depression. The entire 1 4m of Transect B had been grubbed and the vegetation consisted of a sparse cover (<5%) of Puccinellia growing on exposed peat. The turf along the first 70cm of Transect C (2.0m) was artificially grubbed. The top 2-3cm of humus were removed on 11 June 1987 shortly after melt, in order to simulate grubbing close to the willow bush. The following 70cm (i.e. from 70 to 140cm) traversed an area colonized by Puccinellia and Carex. The remainder of the transect extended into a naturally grubbed depression. Measurements of temperature were made routinely in the vicinity of marked positions along each transect at depths of 0 5 cm and 10 cm. Subsurface temperatures were measured by placing the thermistor probe horizontally in the soil just beneath the litter and dead plant remains. Measurements of temperature at a depth of 10cm were obtained by placing the probe vertically into the soil. Three readings were taken at each depth at a site on each occasion. The results were analysed for significant differences in temperature between the two depths using a one-way analysis of variance (ANOVA) and Tukey's measure of honestly significant difference.
Measurements of the diurnal thermal regime of ungrubbed and grubbed sites were also made. On 3 September 1986, thermistors were placed at depths of 5, 10 and 20 cm beneath a willow bush where the sward of Calamagrostis was ungrubbed, and beneath a bush where the sward had been naturally grubbed. The sites were in the same area as the short transects described above. Temperatures were recorded on a data logger once every hour for two consecutive days. In addition, global solar radiation (Wm-2) was measured every hour using an Eppley pyranometer placed on open ground.
Measurements of soil-water content and the salinity of soil water
Measurements of soil-water content and the salinity of soil-water were taken at the following positions along the three short transects described earlier: Transect A, 0, 1 and 2m; Transect B, 0 and 1 m; Transect C, 0 and 2m. In addition, samples were taken from two sites in the peat barren, one where there was a sparse cover of P. phryganodes over the peat (< 5%) and the other where vegetation was absent. The last site was located 2 m from the site used to determine the seasonal course of soil temperature in the peat barren.
Duplicate samples of blocks of surface soil (10 cm x 10 cm x 5 cm) were collected at the different sampling stations on each occasion. The blocks were transported to the field laboratory and a portion of each block within the organic layer was cut, weighed, dried at 60 ?C for 3 days and reweighed to determine water loss. The water content was expressed as a percentage of the wet weight of the organic layer. Water was extracted from the remaining portion of the block by squeezing the organic material. The extracts were filtered and diluted with deionized water, as appropriate, before the salinity was measured using a salinity probe and meter.
On 6 September, 1987 two blocks of soil were taken from each of the respective sites and soil samples of known volume were cut, weighed, and dried, as indicated above, before being redried until constant weight was obtained. Wet bulk density was determined from the weight:volume ratio (Walmsley 1977) .
Additional measurements of soil salinity were made in 1988 during the snow-free season at the site where the three short transects were located. Twenty-four willow bushes were selected and divided into three equal groups where the sward beneath the bushes was either intact, naturally grubbed or artificially grubbed. Measurements of soil salinity as described above were made on seven occasions at two depths (0-2cm, 2-4cm) during the season.
Demographic analyses
In order to record differences in the timing of leaf senescence and leaf fall between willows where the swards beneath the bushes were ungrubbed and those where the swards were artificially grubbed, ten isolated willow bushes at each of two sites were marked. One site was in the same area as the short transects and the other was at the edge of the peat barren. At each site, five marked willows were selected at random and artificially grubbed on 11 June 1987 by removing the top 2-3cm of the organic layer around the bush for a radius of approximately 50cm from the base of the bush. Six shoots were selected at random on each of the twenty willow bushes and marked using colour-coded telephone wire. Demographic changes in leaf phenology of side shoots were recorded on three occasions between early July and mid-August, 1987. All side shoots were designated as being alive (with leaves) or dormant (without leaves).
Leaf tissue analysis
Leaf samples of each of the twenty willows were taken in order to determine differences in the amounts of Cl, Na, K, Mg and Ca in their tissues. Leaves were collected from unmarked shoots on 3 July and 9 August, 1987. Leaf samples were dried in the field camp at 50 ?C for 5 days. The samples were taken to the University of Toronto, redried, milled in a Wiley mill (mesh size 20) and analysed for amounts of the above elements by neutron activation analysis using a SLOWPOKE (Safe, Low Power, Kritical Experiment) reactor (Atomic Energy of Canada Ltd). Samples were irradiated for 5 min at 10 kW (5 x 1011 neutrons cm-2 s-1) and the appropriate standards prepared and analysed following the same procedures. Corrections were made for isotopic decay based on the half-life of each isotope.
RESULTS
Environmental factors
Soil temperatures increased during the summer at the three sites where the thermistors were buried. At a soil depth of 5 cm, initial temperatures at the beginning of the season (6 June) ranged from -2 ?C to + 7.5 ?C for ungrubbed and grubbed sites, respectively. Thereafter, there was a steady rise in temperature at all depths until mid-July when no further increase occurred. Subsurface temperatures (i.e. 5 cm) were consistently higher (c. 6 ?C) throughout the season at sites where the peat was exposed compared with the ungrubbed site. At increasing depths (10 and 25 cm) the seasonal pattern of temperature change was similar to that described above for all sites, but differences between sites were much less pronounced and the highest temperatures measured were 12 ?C at 10 cm and 10 5 ?C at 25 cm, both in the grubbed site. Corresponding high temperatures for the ungrubbed site were 9 ?C and 8*4?C, respectively. As a result of these differences, thermal gradients were consistently steeper over the course of the growing season in grubbed areas, as indicated in Fig. 1 where cumulative temperatures are plotted. At a depth of 5 cm, cumulative values by 9 August for grubbed sites were approximately double those for the ungrubbed site, whereas corresponding values for a depth of 25 cm were only about 45% higher.
Subsurface (5-cm) temperatures beneath ungrubbed swards under willow ( Fig. 2a ; Transect A: 0, 20 cm) throughout the season were lower than subsurface temperatures where ground vegetation had been naturally or artificially grubbed (Fig. 2b,c; Transects B and C). Subsurface temperatures measured within the naturally grubbed depression at the end of each of the three transects were similar (Fig. 2a-c) .
The soil of grubbed sites not only exhibited a steeper thermal gradient but also experienced wider temperature fluctuations than undisturbed sites (Fig. 3) . Temperature amplitudes at 5, 10 and 20cm beneath an undisturbed willow bush on a sunny day (maximum global solar radiation > 600 W m-2) were more than twice as large as those on a cloudy day (max. solar radiation 256Wm-2) (Fig. 3a) .
Soil-water content did not change appreciably during the course of the summer at any of the sites sampled (Table 1) . Most values were between 70% and 85% of the fresh weight of the sample, but where the swards had been grubbed values tended to be lower. When the results were expressed on a volume basis marked differences were evident in relation to the position of samples along transects. At sites with a dense humified organic layer, such as at the start of Transects A and C, and in the peat barren, the soil water content by volume was low (Table 1) . Salinity of the soil water expressed from the organic layer increased throughout the summer at sites where the ground vegetation had been grubbed or removed artificially (Fig. 4a,b) . The salinity was greater than that of oceanic seawater (c. 32gl-1) at all sites, except one. In the exposed organic layer of the peat barrens the salinity of the expressed water reached 127gl-1 by 10 August 1987 -almost four times the salinity of oceanic seawater (Fig. 4b) . In contrast, the salinity of soil water from sites which were fully vegetated did not rise during the summer and values were less than lOgl-1. In 1988 at sites where the sward was intact the salinity of soil water was also lower than that of grubbed swards (Table 2 ). During periods of fine weather the salinity of the upper layer (0-2 cm) was higher than that of the lower horizon (2-4 cm) at all locations, irrespective of treatment, but when measurements were made immediately after rain (8 July; 11 August) the upper soil layer was less saline.
Demographic changes and the ionic content of leaf tissues
Side shoots of willow beneath which the graminoid vegetation was removed exhibited greater leaf death than willows where the graminoid sward remained intact (Wilcoxon two-sample test: P < 0 05). By early August premature leaf fall had not occurred on any of the 312 side shoots of willows from the latter group. In contrast, ninety-two of 333 side shoots of willows in the areas which had been grubbed had lost their leaves during the preceding 2 weeks. Numbers of shoots devoid of leaves expressed as a percentage of the total number monitored for individual bushes were 90, 64, 38, 32, 19, 7 and 2%. The remaining four bushes showed no premature leaf fall at this time. Amounts of chloride, sodium, magnesium, potassium and calcium in leaves of the willows are given in Table 3 . The mean amounts of the latter three elements do not differ substantially between leaves from the different willow bushes. However, the mean levels of sodium and chloride of leaves of plants from grubbed areas were at least twelve times higher at one site and approximately three times higher at the other site than corresponding amounts in leaves of willows where swards were ungrubbed. In spite of this substantial difference there was considerable variation in amounts of chloride and sodium in leaves of bushes which received the same treatment, as the range of values shows (Table 3) . Premature leaf fall in August was associated with those bushes which bore leaves containing high amounts of sodium and chloride ions. For example, amounts of sodium ions in leaf tissue of bushes which showed the highest premature leaf fall (90, 64 and 38% of all side shoots) were 907, 945 and 329 Ftmolg-' dry wt, respectively. The three lowest values for sodium (27, 30 and 54 Ftmolg-' dry wt) characterized leaves of plants from grubbed areas which did not show premature leaf fall. Examination in the summer of 1988 of the willow bushes where the sward had been removed the previous year indicated near absence of leaves. In 1989 all bushes were dead. 
DISCUSSION
Snow melt occurs rapidly in early spring at sites where peat is exposed. There is little vegetation to trap snow and the low albedo of peat hastens the disappearance of snow, ice and slush. Heavily grubbed sites lie in the drainage systems of the coastal hinterland and melt water collects in these areas because snow and sea ice along the coast act as a drainage barrier before 'break-up'. These open snow-free areas attract both the breeding population of geese at La Perouse Bay and staging birds that breed further north. Hence, local geomorphological and hydrological conditions predispose certain areas for use by the geese. The effects of grubbing by the geese, compounded by the increase in numbers of geese in recent years, reinforce the abiotic processes described above. The coupling of abiotic and biotic processes represents a positive-feedback system that determines the characteristics of the landscape and leads to further exploitation of swards at the periphery of each barren. The removal of the insulating layer of litter, vegetation and humus as a result of natural or artificial grubbing led to an altered soil thermal regime. There was a rapid rise in temperature in early spring in the exposed organic layer where the rooting system of willows was located (Fig. 1) . The consistently steeper thermal gradients characteristic of soils of grubbed areas are shown by the diverging cumulative temperature curves for different depths, whereas similar curves for ungrubbed sites are parallel to each other. In addition, grubbed sites experienced wider diurnal temperature fluctuations which were most pronounced in spring when temperatures reached 10-15 ?C during the day and fell to below 0 ?C at night. On average, sixteen freeze-thaw cycles occur in the subsurface soil horizons in the Churchill region annually (R. Bello, personal communication). Removal of the insulating layer is likely to lead to a marked increase in the number of freeze-thaw cycles each year particularly in early spring and autumn.
The results indicate that there was a substantial increase in salinity during the course of the summer in 1987 and 1988 at grubbed sites (Fig. 4) . The coastal marshes of the Hudson Bay Lowland are all similar in origin and geomorphological character, which implies that hydrological processes involved will be common to all (Price et al. 1988) . Vertical mass transport of water and salts which were deposited when the area was tidal or under the Tyrell Sea probably account for most of the salinity detected in grubbed areas. Salt deposits accumulate on the surface of the peats in grubbed areas. The higher soil surface temperatures of grubbed areas result in increased evapotranspiration (Lockwood 1985) and salts become concentrated in the soil water as evaporation proceeds during the summer. Salts may also become 'stranded' in the soil column during the freezing of the active layer when the soil freezes downwards from the surface and upwards from the frost table (Rouse 1984) . Following melt, the salts are able to move to the surface with the increased vertical flow of water during the summer (Chapin, van Cleve & Chapin 1979; Chapin & Shaver 1981; Outcalt & Nelson 1985) . At least in the coastal lowlands of La Perouse Bay the hypersalinity of soils in summer inland from the strand line is a direct consequence of spring grubbing by geese, and as such this foraging is the proximal cause of the inverse salinity gradient.
The leaf phenology of arctic deciduous shrubs, such as Salix, is characterized by a rapid flush of leaves in early summer, followed by senescence in early fall (Johnson & Tieszen 1976) . Leaf drop from Salix bushes normally occurs in early winter after permanent snow has started to accumulate.
The close correlation between premature leaf fall from side shoots and high foliar concentrations of sodium and chloride ions suggests that the increased salinity contributes to low willow survival in areas where swards have been grubbed. The horizontal rooting system of plants of Salix brachycarpa is shallow and is confined to the top 5 cm of the organic layer. Salts that have migrated upwards become concentrated near the soil surface as evaporation proceeds over the summer. Overall, amounts of these ions in the leaves of Salix brachycarpa, even from undisturbed sites, were considerably greater than previously recorded values for deciduous shrubs (Chapin, Johnson & McKendrick 1980) and evergreen shrubs (Malmer & Wallen 1986) in the Arctic. Chapin, Johnson & McKendrick (1980) recorded a foliar concentration of sodium of about 0-8 Ftmolg-1 dry wt for Salix pulchra and Betula nana, while the amount of sodium in the leaves of Empetrum hermaphroditum was 4 itmol g-1 dry wt. In this study the sodium concentrations in leaves of Salix brachycarpa where the sward was intact were between 28-33 Ftmol g-1 dry wt. The underlying marine sediments and sea spray probably account for the relatively high amounts of sodium in the leaves of plants, even in undisturbed sites, at La Perouse Bay.
Foliar concentrations of potassium, magnesium and calcium in Salix brachycarpa are within the range of values recorded in the literature for arctic deciduous and evergreen shrubs (Chapin, van Cleve & Tieszen 1975; Chapin, Johnson & McKendrick 1980; Stoner, Miller & Miller 1982; Maessen et al. 1983; Malmer & Wallen 1986) .
Perhaps the most dramatic result was the failure of the bushes to develop leaves the following season where the swards had been artificially grubbed. This result emphasizes that changes in survivorship of shoots is rapid in response to grubbing. It is concluded that exposure of roots to high salinity, an enhanced frequency of freeze-thaw cycles and the drying out of fine rootlets at the immediate surface results in the death of the willows.
Grubbing in successive springs extends the spatial scale of the disturbance. As the grubbing is extended away from the drainage channels on to the mounds a series of terraces is produced representing successive years of disturbance. Erosion and secondary oxidation of peat increase the overall intensity of the disturbance. A ground vegetation establishes very slowly in areas that have been grubbed. Some sites in a peat barren have been devoid of vegetation for 5 years or more. Because of the very high salinities, rates of establishment and rates of clonal growth of graminoid species are very slow or non-existent. The death of the willows together with the removal of the sward constitutes a loss of seasonal inputs of organic matter, which in turns slows the process of peat formation. A thinner or non-existent willow canopy leads to increased solar radiation at ground level. These processes enhance the interactive effects of soil heat flux and salinity, so that species of the original plant communities continue to be excluded. Peat barrens are formed in which the original vegetational mosaics that followed the local topography are replaced by widely spaced patches of highly salt-tolerant species such as Salicornia borealis. The processes of biotic and abiotic disturbance, once entrained, continue to operate over a shorter time frame than the time required for the original plant community to reestablish. The time scale for secondary colonization to occur appears to be of the order of decades. It is predicted that further degrading of these habitats will occur resulting in the exposure of the underlying mineral substratum. Given the continued occurrence of isostatic uplifts it is unlikely that the original communities will reestablish. As mentioned earlier, both environmental and biological factors predispose certain areas to the described changes. Even in these relatively young landscapes (< 1000 years, Scott 1987), however, when the original disturbance sets in train a series of changes, the present-day late-successional communities do not have the resilience to re-establish.
